Herein, we report the synthesis and detailed superconducting properties of a new high entropy alloy superconductor with nominal composition Nb20Re20Zr20Hf20Ti20 using powder X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), magnetization, transport, and thermodynamic measurements. The room temperature powder XRD confirms that the alloy is arranged on a simple body centered cubic crystal lattice with lattice parameter a = 3.38 (1) Å. EDX measurement yields an average composition of Nb21Re16Zr20Hf23Ti20 (in atomic %). Transport, magnetic and heat capacity measurements reveal that the material is a type-II superconductor with the bulk superconducting transition at Tc = 5.3 K, lower critical field Hc1(0) = 33 mT and upper critical field Hc2(0) = 8.88 T. Low temperature specific heat measurement indicates that the sample is a moderately coupled superconductor, and the electronic specific heat data fits well with the single-gap BCS model.
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I. INTRODUCTION
In recent times, the advent of high entropy alloys (HEAs) has attracted immense interest in the exploration of exciting and tunable mechanical and physical properties and indeed, has initiated a fascinating interdisciplinary research topic [1] [2] [3] [4] [5] . This new class of materials is of particular interest due to their potential for the development of novel materials with combinations of properties superior to those of conventional alloys and phases. HEAs are generally constructed from five or more principal elements in equimolar or near equimolar ratio [1] . By applying this novel design approach, several HEAs with simple structures such as a body-centered cubic (bcc) or a face-centered cubic (fcc) structures have been explored [2] [3] [4] [5] . The high entropy of mixing (∆S mixing ) stabilizes disordered solid solution phases in simple crystallographic lattices, and commonly their structures are notified by a topologically ordered lattice with an extremely high chemical disorder.
Besides the diverse possibility of compositional variety, the HEAs show several novel and tunable functional properties. Illustrative examples include superior mechanical performance at high and cryogenic temperatures [6] , concurrent strength and ductility [7, 8] , high mechanical strength, corrosion resistance and thermal stability [2, 3, 5, 9] . In addition to their excellent mechanical properties, exotic electronic properties such as complex magnetism [6] and superconductivity [11] [12] [13] [14] [15] are discovered recently in HEAs. However, to date, among several studied HEAs only two pentanary superconducting materials are discovered. Ta-Nb-Hf-Zr-Ti system, with composition [TaNb] 0.67 [HfZrTi] 0.33 is the first reported HEA superconductor (bcc cubic structure) with T c 7.3 K, and shows an upper critical field µ 0 H c2 (0) = 8.2 T [11] [12] [13] [14] . * rpsingh@iiserb.ac.in
Quite remarkably, this compound shows an extraordinary robust zero-resistance superconductivity at pressure up to 190 GPa [16] . Recently, another pentanary HEA system with composition [ScZrNb] 0.65 [RhPd] 0.35 (cubic primitive CsCl-type lattice) is reported to show superconductivity with T c ∼ 9.3 K, and exhibits µ 0 H c2 (0) = 10.7 T [15] . It is worth mentioning here that the TaNb-Hf-Zr-Ti HEA superconductor is derived from NbTi-based binary alloys, which are nowadays the widely used materials for superconducting magnets. Therefore, the discovery of bulk superconductivity on a highly disordered lattice in the Ta-Nb-Hf-Zr-Ti HEA and the continuous existence of zero resistance under pressure up to 190 GPa highlight the potentiality of HEA superconductors for future applications including application under extreme conditions. In general, considering the aforesaid superior and improved mechanical and material characteristics, superconducting HEAs show promises to be a material for future superconducting applications.
In this paper, we present the superconducting properties of equimolar HEA compound Nb 20 Re 20 Zr 20 Hf 20 Ti 20 exhibiting bulk superconductivity at (T c ) 5.3 K. This is in fact the first bcc structured equimolar HEA superconductor. Superconducting properties were determined by resistivity, magnetization, and specific heat measurements.
II. EXPERIMENTAL DETAILS
A polycrystalline sample of nominal composition Nb 20 Re 20 Zr 20 Hf 20 Ti 20 (2g) was synthesized using the standard arc-melting technique. Stoichiometric amounts of Nb (purity 99.8 %), Re (purity 99.99 %), Zr (purity 99.95 %), Hf (purity 99.7 %) and Ti (purity 99.99 %) pieces were taken on a water cooled copper hearth under the flow of high purity argon gas. They were melted in high current (T>2500) to make a single button, then flipped and re-melted several times for the sample homo- geneity. The sample formed was hard with insignificant weight loss. Powder X-ray diffraction (XRD) was carried out at room temperature (RT) on a PANalytical diffractometer equipped with Cu-K α radiation (λ = 1.54056 Å). Sample compositions were checked by a scanning electron microscope (SEM) equipped with an energydispersive X-ray (EDX) spectrometer. DC magnetization and ac susceptibility measurements were performed using a Quantum Design superconducting quantum interference device (MPMS 3, Quantum Design). The electrical resistivity measurements were performed on the physical property measurement system (PPMS, Quantum Design, Inc.) by using a conventional four-probe ac technique at frequency 17 Hz and excitation current 10 mA. The measurements were carried out under the presence of different magnetic fields. Specific heat measurement was performed by the two tau time-relaxation method using the PPMS in zero magnetic field.
III. RESULTS AND DISCUSSION
The RT powder XRD pattern ( Fig. 1) indicates that the sample can be isolated as a single phase and can be indexed with a simple bcc unit cell with lattice parameter a = 3.38 (1) Å. The broadness in the XRD peaks could be attributed to the high degree of disorder present in this HEA material. Also, the hardness of the sample makes it difficult to prepare fine particle size powder for diffraction experiment. Therefore, the non-ideal sample preparation may have a contribution to the broadening of the XRD peaks. Inset in Fig. 1 shows the RT EDX pattern of the material. The EDX analysis on different part of the sample yields an average composition of Nb 21 Re 16 Zr 20 Hf 23 Ti 20 (in atomic %) with less than 1 % uncertainty for each element, and hereafter we have used this composition in the manuscript. Fig. 2 shows the temperature variation of zero field (a) The resistivity measurement ρ(T ) for Nb21Re16Zr20Hf23Ti20 taken in zero field in a temperature range of 1.85 K ≤ T ≤ 290 K. Inset shows the magnetic field variation (up to 6 T) of resistivity for the same sample.
resistivity, which highlights a sharp drop to a zero resistivity superconducting state below 5.3 K. The normal state resistivity is found to increase leisurely with increasing temperature illustrating a poor metallic behavior. The residual resistivity ratio (RRR) is found to be ρ(290)/ρ(10) = 1.3, which is very small, suggesting the existence of atomic scale disorder in the sample. The small RRR value is comparable to those of previously reported HEAs [11, 14, 15] . The inset in Fig. 2 shows the magnetic field dependence of resistivity (ρ(H)-T), and this shows a gradual suppression of T c with increasing magnetic field. Fig. 3(a) shows the temperature variation of dc and ac magnetic susceptibility measurements. These confirm the existence of bulk superconductivity in the sample with a superconducting transition at T c = 5.3 K. The measurements were performed between 1.8 K to 8 K, with zero field cooling (ZFC) and field cooling (FC) mode in an external field of 1 mT. Fig. 3(b) shows the magnetic field variation of magnetization (M-H) curve at 1.8 K (up to ± 7T). As evident from the graph, the sample exhibits type-II superconductivity. Lower critical field H c1 (T) (Fig. 4) , which is defined as the field deviating from the linear line for initial slope in magnetization curve is found to be 33 mT at zero temperature in accordance with the Ginzburg-Landau approximation. As described previously (Fig. 2) , the magnetic field variation of resistivity highlights a gradual suppression of T c with increasing magnetic field. The critical temperatures are derived from the midpoint values of the superconducting transition in the resistivity measurements. The temperature variation of the upper critical field (H c2 ), calculated from (ρ(H)-T) measurements is shown in Fig. 5 . The experimental H c2 can be described by the GinzburgLandau expression. The estimated value of the upper limit for the upper critical field H c2 (0) is 8.88 T, which is close to the BCS weak coupling Pauli limit (H 13.4 T) [11] . The enhanced spin orbit coupling due to the introduction of Re in the structure might be playing a role in the enhancement of H c2 (0) for the present sample. However, further experiments are required to establish a relationship between H c2 and the magnitude of the spin orbit coupling. The Ginzburg-Landau coherence lengths ξ GL (0), estimated from the following relation [17] is 6.1 nm.
To analyze the phonon properties and electronic density of states, we have performed the heat capacity measurements for the Nb 21 K. The superconducting transition is observed at 5.3 K (a jump in the heat capacity data) and this confirms the bulk superconductivity in the sample. The fitting of low-temperature normal state specific heat using the equation C P /T = γ + βT 2 (γ = Sommerfeld coefficient and β is the lattice contribution to the specific heat) yields γ = 5.7 mJ/mol K 2 and β = 0.1178 mJ/mol K 4 . The Debye temperature θ D is obtained using the formula θ D = 12π
4 RN/5β 1/3 where R is the molar gas constant (=8.314 J mol −1 K −1 ). Using N = the number of atoms per formula unit = 1, it gives θ D = 254.6 K. 
By considering the Coulomb pseudopotential µ * = 0.13, commonly used for many intermetallic superconductors [14, 19, 20] , λ e−ph is calculated as 0.69. The normalized specific heat jump ( We have also estimated the superconducting gap using the low temperature specific heat data. According to the BCS theory, the temperature dependence of the specific heat in the superconducting state can best be described by the single-gap BCS expression for normalized entropy S
where
is the Fermi function, E(ξ) = ξ 2 + ∆ 2 (t), ξ = energy of normal electrons measured relative to the Fermi energy, y = ξ/∆(0), t = T /T c , and ∆(t) = tanh[1.82(1.018((1 /t)-1)) 0.51 ] is the BCS approximation for the temperature dependence of the energy gap.
The normalized electronic specific heat C el below T c can be described by relation
The fitting of specific heat data using Eq. (5) To further analyze the nature of the superconductivity in this new material, we have estimated the Fermi temperature (T F ) of the material.
where n is the quasiparticle number density per unit volume. 
where k B is the Boltzmann constant, N A is the Avogadro constant, V f.u. is the volume of a formula unit and m * is the effective mass of quasiparticles. The electronic mean free path l is related to residual resistivity ρ 0 by the equation
where the Fermi velocity v F is related to the effective mass and the carrier density by
In the dirty limit, the penetration depth λ GL (0) can be estimated by where ξ 0 = BCS coherence length. The London penetration depth (λ L ) is given by
The Ginzburg-Landau coherence length is also affected in the dirty limit. The relationship between the BCS coherence length ξ 0 and the Ginzburg-Landau coherence ξ GL (0) at T = 0 is
Equations (14)- (19) form a system of four equations and can be used to estimate the parameters m * , n, l, and ξ 0 as done in Ref. [24] . These equations were solved simultaneously using the values γ n = 5.7 mJ mol −1 K −2 , ξ GL (0) = 6.1 nm, and ρ 0 = 120.01 µΩ-cm. Fig. 7 , where blue solid lines represent the band of unconventional superconductors.
IV. CONCLUSION
A single phase polycrystalline HEA material with composition Nb 21 Re 16 Zr 20 Hf 23 Ti 20 (from EDX analysis and close to the nominal equimolar composition) is prepared by single arc meting furnace. X -ray diffraction pattern indicates that the alloy is arranged on a simple bcc crystal lattice with lattice parameter a = 3.38 Å. Transport, magnetization, and thermodynamic measurements reveal that this new HEA is a type-II superconductor with the bulk superconducting transition at T c 5.3 K. This is in fact the first reported bcc structured superconducting HEA having equimolar ratio. In comparison, the bcc structured equimolar Nb-Ta-Hf-Zr-Ti HEA ([TaNb] 0.67 [HfZrTi] 0.33 shows superconductivity at T c 7.3 K [11]) does not show superconductivity. The obtained value of the upper critical field H c2 (0)( 8.88 T) is close to the Pauli limiting field, and could be attributed to the enhanced SOC due to the introduction of Re in the structure. However, further investigations are required to explore the pairing mechanism and the role of SOC in the sample. Low temperature specific heat measurement indicates that the investigated HEA is close to a BCS-type phonon mediated moderately coupled superconductor.
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